The status of gaugino condensation in low-energy string theory is reviewed.
Introduction
In the efforts to extract a relation between string theory and physics, we find two main problems, namely how the large vacuum degeneracy is lifted and how supersymmetry is broken at low energies. These problems, when present at string tree level, cannot be solved at any order in string perturbation theory. The reason is the following: It is known that at tree-level, setting all the matter fields to zero forces the superpotential to vanish, for any value of the moduli and dilaton fields.
The corresponding scalar potential vanishes implying flat directions for the moduli and dilaton. Also, the F and D auxiliary fields, which are the order parameters for supersymmetry breaking, vanish in this situation, implying unbroken supersymmetry. Since the superpotential does not get renormalized in perturbation theory, if it vanish at tree level it will also vanish at all orders of string perturbation theory. Then the F-term part of the potential also vanishes perturbatively. The only perturbative correction that could alter this situation is the generation of a FayetIliopoulos D-term by an 'anomalous' U(1), usually present in 4D strings. However, in all the cases considered so far there are charged fields getting nonvanishing vev's which cancel the D-term, breaking gauge symmetries instead of supersymmetry.
Therefore these problems are exact in perturbation theory and the only hope to solve them is nonperturbative physics. This has a good and a bad side. The good side is that nonperturbative effects represent the most natural way to generate large hierarchies due to their exponential suppression, this is precisely what is needed to obtain the Weinberg-Salam scale from the fundamental string or Planck scale.
The bad side is that despite many efforts, we do not yet have a nonperturbative formulation of string theory. At the moment, the only concrete nonperturbative information we can extract is from the purely field theoretical nonperturbative effects inside string theory. Probably the simplest and certainly the most studied of those effects is gaugino condensation in a hidden sector of the gauge group, since it has the potential of breaking supersymmetry as well as lifting some of the flat directions, as we will presently discuss.
Gaugino Condensation
The idea of breaking supersymmetry in a dynamical way was first presented in refs. [1] . In those articles a general topological argument was developed in terms of the Witten index T r(−) F , showing that dynamical supersymmetry breaking cannot be achieved unless there is chiral matter or we include supergravity effects for which the index argument does not apply. This was subsequently verified by explicitly studying gaugino condensation in pure supersymmetric Yang-Mills, a vector-like theory, for which gauginos condense but do not break global supersymmetry [2] (for a review see [3] ). Breaking global supersymmetry with chiral matter was an open possibility in principle, but this approach ran into many problems when tried to be realized in practice.
The situation improved very much with the coupling to supergravity. The reason was that simple gaugino condensation was argued to be sufficient to break supersymmetry once the coupling to gravity was included. This works in a hidden sector mechanism where gravity is the messenger of supersymmetry breaking to the observable sector [4] . Furthermore, string theory provided a natural realization of this mechanism [7, 6] by having naturally a hidden sector especially in the
versions. Also, it gave another direction to the mechanism by the fact that gauge couplings are field dependent (as anticipated for supergravity models in ref. [5] ).
This same fact raised the hope that gaugino condensation could lift the moduli and dilaton flat directions, but soon it was recognized that it only changed flat to runaway potentials, thus destabilizing those fields in the 'wrong' direction (zero gauge coupling and infinite radius) 1 .
A simple way to see this is by setting the gaugino condensate λ α λ α ∼ Λ 3 with Λ ∼ M exp(−1/(bg 2 )), the renormalization group invariant scale. Here M ∼ 10
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Gev is the compactification scale, b the coefficient of the one-loop beta function of the hidden sector group and g the corresponding gauge coupling. In string theory we have that 4πg −2 ∼ S + S * where S is the chiral dilaton field (including also the axion and fermionic partner). Also, M −1 ∼ T + T * with T being one of the moduli fields. Substituting naively λ α λ α into the lagrangian induces a scalar potential for the real parts of S and T (S R and T R respectively), namely
). This potential has a runaway behaviour for both S R and T R , as advertized.
The T dependence of the potential was completely changed after the consideration of target space or T duality. In its simplest form, this symmetry acts on the field T as an SL(2, Z) symmetry:
1 The possibility of a nonvanishing H ijk stabilizing the potential with vanishing cosmological constant [6] , was discarded after it was realized that this field was always quantized, breaking supersymmetry at the Planck scale, also its incorporation does not seem consistent with T -duality.
It was shown [8] , that imposing this symmetry changes the structure of the scalar potential for the moduli fields in such a way that it develops a minimum at T ∼ 1.2 (in string units), whereas the potential blows-up at the decompactification limit (T R → ∞), as desired. The modifications due to imposing T duality can be traced to the fact that the gauge couplings get moduli dependent threshold corrections from loops of heavy string states [9] . This in turn generates a moduli dependence on the superpotential induced by gaugino condensation of the form W (S, T ) ∼ η(T ) −6 exp(−3S/8πb) with η(T ) the Dedekind function.
This mechanism however did not help in changing the runaway behaviour of the potential in the direction of S. For stabilizing S, the only proposal was to consider gaugino condensation of a nonsemisimple gauge group, inducing a sum of exponentials in the superpotential W (S) ∼ i α i exp(−3S/8πb i ) which conspire to generate a local minimum for S [10] . These have been named 'racetrack' models in the recent literature.
It was later found that combining the previous ideas together with the addition of matter fields in the hidden sector (natural in many string models) [11, 12] , was sufficient to find a minimum with almost all the right properties, namely, S and T fixed at the desired value, S R ∼ 25, T R ∼ 1, supersymmetry broken at a small scale (∼ 10 2−4 GeV) in the observable sector, etc. This lead to studies of the induced soft breaking terms at low energies.
Besides that relative succes, there are at least five problems that assures us that we are far from a satisfactory treatment of these issues.
(i) Unlike the case for T , fixing the vev of the dilaton field S, at the phenomenologically interesting value, is not achieved in a satisfactory way. The conspiracy of several condensates with hidden matter to generate a local minimum at a good value, requires certain amount of fine tunning and cannot be called natural.
(ii) The cosmological constant turns out to be always negative, which looks like an unsourmountable problem at present. This also makes the analysis of soft breaking terms less reliable, because in order to talk about them, a constant piece has to be added to the lagrangian that cancels the cosmological constant.
It is then hard to believe that the unknown mechanism generating this term would leave the results on soft breaking terms (such as small gaugino masses)
untouched.
(iii) The derivation of the effective theory below condensation is not completely understood. There are several approaches to this and the exact relation among them is not completely clear.
(iv) There is an inherently stringy problem which is due to the fact that the S field is not stringy. S is only the dual of another field, L which is the one created by string vertex operators, having the dilaton and the antisymmetric tensor field B µν (instead of the axion) as the bosonic components. The problem resides in the fact that, if there is not a Peccei-Quinn (PQ) symmetry S → S+i constant, as in the many condensates scenario, it is not clear if the theory in terms of S is any longer dual to the L theory. This sets serious doubts on whether the S approach mentioned above is valid at all. Another way to express this problem is to ask if it is possible to formulate directly gaugino condensation in terms of the stringy field L.
(v) Finally, even if the previous problems were solved, there are at least two serious cosmological problems for the gaugino condensation scenario. First, it was found under very general grounds, that it was not possible to get inflation with the type of dilaton potentials obtained from gaugino condensation [13] .
Second is the so-called 'cosmological moduli problem' which applies to any (nonrenormalizble) hidden sector scenario including gaugino condensation [14] .
In this case, it can be shown that the moduli and dilaton fields acquire masses of the electroweak scale (∼ 10 2 GeV) after supersymmetry breaking. Therefore if stable, they overclose the universe, if unstable, they destroy nucleosynthesis by their late decay, since they only have gravitational strength interactions.
In the next section, I will present a general description of the effective theory below condensation scale, addressing the issue of problem (iii) above. Section 4 will show the solution of problem (iv) whereas in section 5, I will discuss ideas towards solving problems (i) and (v). The resolution of problem (ii) is left to the reader.
Wilson vs 2PI Actions
To study the effects of gaugino condensation we should be able to answer the following questions: Do gauginos condense? If so, is supersymmetry broken by this effect? What is the effective theory below the scale of condensation? In order to answer these questions, several ideas have been put forward [2, 5, 6, 15] . Let me revise briefly the different approaches.
In ref. [2] , a chiral superfield U was introduced representing the condensate
The effective supersymmetric theory in terms of U was found by matching the anomaly of an original R-symmetry of the underlying supersymmetric YangMills action.
In refs. [6] , [16] , the same anomalous symmetry was used to reproduce the effective action below condensation scale, without the need of introducing U. That gave rise to the superpotential W (S) ∼ exp(−3S/8πb) mentioned before. The earlier approach of ref. [5] was based on the direct substitution of λ α λ α in the original supergravity lagrangian. A more recent analysis of ref. [15] , uses a Nambu-JonaLaisinio approach to describe the condensation mechanism.
Even though some of these approaches gave similar results, there are important differences among them. In particular, following ref. [5] , since they substitute λ α λ α directly into the supersymmetric action in components, the effective lagrangian is not explicitly supersymmetric unlike for instance the results of ref. [6] . 2 Also, the approach of [15] , even though it reproduces the results in [2] at tree-level, by including quantum corrections, they find very different results, for instance, the dilaton could be stabilized with a single condensing group. Finally the formalisms of [2] and [6] have been compared in [11, 17] . They eliminate the field U by assuming it does not break global supersymmetry, ie by using ∂W/∂U = 0 and find agreement between the two methods. However this condition should not be imposed beforehand and it is not well justified in the supergravity case.
We can see there is no satisfactory understanding of the effective theory below condensation. Furthermore, the anomalous symmetry argument which is the most solid description of the single condensing case, cannot be used for the interesting case of several condensing groups.
We will now present a self contained discussion which will at the end identify the main approaches with known field theory quantities, ie the 2PI and Wilsonian effective actions [18] , and mention how these two approaches are actually related in a consistent manner.
Supergravity Basics
Since the fields S and T are expected to have very large vev's, it is more convenient to work with local supersymmetry without taking the Planck scale to ∞. The most general action for chiral matter supermultiplets Σ coupled to supergravity can be written as [19] : z : w, n = w,
Chiral matter multiplets Σ have w = n = 0, except for S 0 which has w = n = 1.
The chiral multiplet of gauge field strength W a has w = n = 3/2. The U (1) transformations of (left-handed) gauginos and chiral fermions are therefore:
These transformations generate a gauge-chiral U(1) mixed anomaly. This anomaly can be cancelled by the 'Green-Schwarz' counterterm [20, 17] :
where c = [C(G) − I C (R I )] , (C here represents the Casimir of the representation, for the case without matter we have that c = 8πb). This counterterm is claimed to cancel the anomaly to all orders in perturbation theory [17] and plays an important role in what follows.
The action (12) has also a symmetry under Kähler transformations:
W since any such a transformation can be absorbed by redefining S 0 : S 0 −→ e ϕ/3 S 0 .
The Wilson Effective Action
Let us now restrict to a simple case that has all the properties we need to discuss gaugino condensation, ie a single chiral multiplet S coupled to supergravity and a nonabelian gauge group with K = K p (S + S * ) arbitrary, W (S) = 0 and f (S) = S.
This is the case for the dilaton in string theory at the perturbative level. This defines the effective (Wilson) action at scales M ≥ E ≥ Λ. We are interested in the Wilson action at scales Λ ≥ E ≥ 10 2 GeV in which we expect that gauginos have condensed and S is the only degree of freedom, that means we want to integrate out the full gauge supermultiplet to obtain the effective action for S at low energies. This is precisely the approach of ref.
[6] mentioned above. We need to compute:
First of all we can observe that Γ(S, S 0 ) depends on its arguments only through the combination S 0 exp(−S/c). Second, since the result of the integration has to be superconformal invariant (because the anomaly is cancelled), we know that Γ[S 0 exp(−S/c)] has to be written in the form of equation (2) (plus higher derivative terms) with f = 0 since there are no gauge fields. Since the powers of S 0 are exactly given by (2) and S 0 only appears multiplying exp(−S/c) we can just read the super and Kähler potentials to be:
where w and k are arbitrary constants (k > 0 to assure positive kinetic energy). The superpotential is just the one found in [6] . The correction to the Kähler potential is new [18] . Notice that both are corrections of order exp −1/g 2 as expected. A word of caution is in order. Unlike the superpotential which has no corrections in perturbation theory, the Kähler potential can be corrected order by order in perturbation theory, therefore in practice the perturbative part of the Kähler potential K p is simply unknown and for weak coupling those corrections are bigger than the nonperturbative correction found here. Our result could be useful, only after the exact perturbative Kähler potential is known. It is still interesting to realize that such a simple symmetry argument can give us the exact expressions for the nonperturbative super and Kähler potentials, without the need of holomorphy!
The 2PI Effective Action
To answer the questions posed at the beginning of this chapter, ie whether gauginos condense and break supersymmetry, it is convenient to think about the case of spontaneous breaking of gauge symmetries. In that case we minimize the effective potential for a Higgs field, obtained from the 1PI effective action and see if the minimum breaks or not the corresponding gauge symmetry. In our case, we are interested in the expectation value of a composite field, namely λ α λ α or its supersymmetric expression W α W α . Therefore we need the so-called two particle irreducible effective action.
We start then with the generating functional in the presence of an external current J coupled to the operator that we want the expectation value of, namely,
From this we have
and define the 2PI action as
To find the explicit form of Γ we use the fact that W depends on its three arguments only thorugh the combination S + J − c log S 0 , therefore, we can see that δΓ/δ(S − c log S 0 ) = δΓ/δJ =Û . Integrating this equation determines the dependence of Γ in S and S 0 :
where Ξ(Û) can be determined using symmetry arguments as follows. First we define a chiral superfield U byÛ ≡ S 3 0 U. Therefore U is a standard chiral superfield with vanishing chiral and conformal weight (w = n = 0). Then Γ[S, S 0 , US 3 0 ] can be writeen in the form (2) with chiral fields S and U. Again the fact that the S 0 dependence of (2) is very restricted, allows us to just read again the corresponding Kähler and superpotential. We find:
Here ξ is an arbitrary constant. We can see that the superpotential corresponds to the one found in [2] . The Kähler potential is new, in [2] it was found for the global case, to which this reduces in the global limit.
Notice that we have identified the two main approaches to gaugino condensation with the two relevant actions in field theory, namely the Wilson and 2PI effective actions. Our approach to the 2PI action is a reinterpretation of the one in [2] . We have to stress that in our treatment U is only a classical field, not to be integrated out in any path integral. It also does not make sense to consider loop corrections to its potential, this solves the question raised in [15] where loop corrections to the U potential could change the tree level results. Furthermore, since U is classical we can eliminate it by just solving its field equations:∂Γ/∂U = 0. (Since this implies J = 0, it makes equations (11) and (9) reduce to (7).) These equations cannot be solved explicitly but we find the solution in an 1/Λ expansion. We find that the solution of these equations reproduce the Wilson action derived in the previous subsection (obtaining both W (S) and K(S +S * ) as in equation (9)) plus extra terms suppressed by inverse powers of the condensation scale. This shows explicitly the relation between the two approaches.
We can also consider the case of several condensates. This case shows the power of the techniques used previously. Following the original discussions of [6] it was needed to use the PQ symmetry of S to cancel the U(1) R anomaly, however when there are several condensing groups we would have neede several S fields to cancel the anomaly (see [18] ) but there is only one S field in string theory. In our approach however, we use the counterterm (5) which in the case of several groups is a sum of terms [17] . Therefore we have one counterterm for each group and so the path integrals just factorize into products for each of the many condensates, implying that the total superpotential (W ) and e −K/3 functions are the sum of the ones for one single condensate. This is the first real derivation of this well used result! By studying the effective potential for U we recover the previously known results.
For one condensate and field independent gauge couplings (no field S) the gauginos condense (U = 0) but supersymmetry is unbroken. For field dependendt gauge coupling, the minimum is for U = 0 (S → ∞) so gauginos do not condense (this is reflected in the runaway behaviour of the Wilsonian action for S). For several condensing groups we find U = 0 and supersymmetry broken or not, depending on the case [12] .
Linear vs Chiral Formalisms
Here we report on the resolution of question (iv) of section 2 [21] : perturbative 4D string theory has in its spectrum a two-index antisymmetric tensor field B µν .
Because it only has derivative couplings, B µν is dual to a pseudoscalar field, the axion a. We can transform back and forth from the B µν and a formulations as long as the corresponding shift symmetries are preserved. It is known that nonperturbative effects break the PQ symmetry of a giving it a mass, then the puzzle is: what happens to the stringy B µν field in the presence of non-perturbative effects? Is the duality symmetry also broken by those effects? Is it then correct to forget about the B µν field, as it is usually done, and work only with a? (Since, unlike the axion, B µν is the field created by string vertex operators). The answer to these questions is very interesting: duality symmetry is not broken by the nonperturbative effects but the B µν field disappears from the propagating spectrum! Its place is taken by a massive 3-index antisymmetric tensor field H µνρ dual to the massive axion.
Here I will just sketch the main steps of the derivation and refer the reader to [21] for further details. In 4D strings, the antisymmetric tensor belongs to a linear superfield L (DDL = 0), together with the dilaton and the dilatino. For simplicity we only consider the couplings of this field to gauge superfields in global supersymmetry (the supergravity extension is straightforward), the most general
and Ω the Chern Simons superfield, satisfying DDΩ = W α W α .
Since the gauginos appear in the lagrangian through the arbitrary function Φ, the analysis of gaugino condensation is far more complicated in the linear case than in the chiral case. Furthermore, the Wilson action is not well defined in this case, because the field L is not gauge invariant, we cannot just integrate the gauge fields out leaving an effective action for L alone as we did for S. Therefore we have to consider the 2PI action, and to find it, we have to work in the first order formalism where the gauge fields appear only through Tr W α W α as in the S case. This will also allow us to perform a duality transformation and show that the L and S approaches are equivalent.
The duality transformation is obtained by starting with the first order system coupled to the external current J: however, we have to integrate first the gauge fields, after that we have the same two options for getting the two dual theories, the difference now is that the integration over V breaks the PQ symmetry (if there are at least two condensing gauge groups)
and we are left with a duality without global symmetries.
To see this, we will concentrate on the 2P I effective action Γ(U, Y, S) obtained in the standard way for U ≡ T rW α W α [18] . The important result is that since W depends on S and J only through the combination S + J, we can see as in eq. (12) 
If we solve for v µ we obtain v µ = −∂ µ a, substituting back we find
describing the massive scalar a. On the other hand, solving for a we get a =
The lagrangian L ′ v µ also describes a massive scalar given by the longitudinal, spin zero, component of v µ . We can see that the only component that has time derivatives is v 0 , so the other three are auxiliary fields. Notice that for m = 0, we recover the standard duality among a massless axion and B µν field. Therefore, after the gaugino condensation process, the original B µν field of the linear multiplet is projected out of the spectrum in favour of a massive scalar field corresponding to the longitudinal component of v µ or to the transverse component of the antisymmetric tensor H µνρ ≡ ǫ µνρσ v σ . Thus solving the puzzle of the axion mass in the two dual formulations.
Other interesting discussions of gaugino condensation in the linear formalism can be found in [22] .
Scenarios for SUSY Breaking
The results of the previous sections have shown us that the general results extracted in the past years about gaugino condensation in string models, in terms of the field S, are robust. We have seen how gaugino condensation can in principle lift the string vacuum degeneracy and break supersymmetry at low energies (modulo de problems mentioned before). But this is a very particular field theoretical mechanism and it would be surprising that other nonperturbative effects at the Planck scale could be completely irrelevant for these issues. In general we should always consider the two types of nonperturbative effects:stringy (at the Planck scale) and field theoretical (like gaugino condensation). Four different scenarios can be considered depending on which class of mechanism solves each of the two problems:lifting the vacuum degeneracy and breaking supersymmetry.
For breaking supersymmetry at low energies, we expect that a field theoretical effect should be dominant in order to generate the hierarchy of scales. We are then left with two preferred scenarios: either the dominant nonperturbative effects are field theoretical, solving both problems simultaneously, or there is a 'two steps' scenario in which stringy effects dominate to lift vacuum degeneracy and field theory effects dominate to break supersymmetry. The first scenario has been the only one considered so far, the main reason is that we can control field theoretical nonperturbative effects but not the stringy. In this scenario, independent of the particular mechanism, we have to face the cosmological moduli problem.
In the two steps scenario the dilaton and moduli fields are fixed at high energies with a mass ∼ M P lanck thus avoiding the cosmological moduli problem. It is also reasonable to expect that Planck scale effects can generate a potential for S and T .
The problem resides in the implementaion of this scenario [23] , mainly due to our ignorance of nonperturbative string effects.
S Duality
To approach nonperturbative string effects we may use the conjectured SL(2, Z) S-duality in N = 1 effective lagrangians [24] :
Even though there is mounting evidence for this symmetry in N = 4, 2 string backgrounds, it is not yet clear how it will be extended to N = 1 and if so most probably the lagrangian is not invariant under this symmetry since it usually exchanges 'electric' and 'magnetic' degrees of freedom. However, similar to the case of T duality, if
we restrict to the part of the action that depends only on S, (which is the relevant part when looking for vacuum configurations) this is expected to be invariant under S duality. Recall that if we do the same for the classical action, the continuous SL(2, R) transformation is a symmetry of the truncated action, so the argument that quantum effects break the continuous to the discrete S duality could actually make sense in this case. As found in ref. [24] , the superpotential should be a modular form of weight −1 and can be written as:
where Q is an arbitrary rational function of the absolute modular invariant function j(S). Its arbitrariness forbids us to extract concrete conclusions, but there are several general issues worth mentioning. Since the weight of W (S) is negative, it necessarily has poles [25] . If we further impose that the scalar potential has to vanish at S R → ∞ (zero string coupling) [27] there should be poles at finite values of S which may need interpretation. The functions η(S) and j(S) can be expressed as infinite sums of q ≡ e −2πS , thus encompassing the expected nonperturbative instanton-like expansion. The selfdual points S = 1, exp iπ/6 are always extrema of the potential and very often are minima. For those points supersymmetry is unbroken, thus making the two steps scenario very plausible at least for the S field.
This way of fixing the vev of S is much more elegant than the racetrack scenario with several condensing gauge groups. It is similar to the way we understood the fixing of T . A general question to be addressed to this scenario is that usually the vev of S is very close to S R ∼ 1 because the nontrivial structure of the potentials is always close to the selfdual points. This is far from the phenomenologically required value where we want 4π/g 2 ∼ 25. However, as emphasized in [26] the gauge coupling is S only at tree level, it is expected to get nonperturbative corrections and we may have a situation with S R = 1 but with a larger value of f (S) at the minimum leading to the desired gauge coupling at the string scale.
Let us mention as an aside that the gaugino condensation process can be made consistent with S-duality [27, 26, 28] . A way to do it is to write the gaugino con-
as the first term in an infinite expansion of the form (15) . Another approach is to try to derive the effective superpotential from nonperturbative corrections to the gauge kinetic function f (S). The problem with this approach is that we do not know how f (S) should transform under S duality (we cannot forget the gauge fields as we did for finding W (S)). In ref. [26] , it was assumed that f is invariant, but then the gaugino condensation-induced su-
would also be invariant instead of a weight −1 form as required by S-duality. An extra factor η(S) −2 Q[j(S)] has to be put in by hand without justification, losing the connection with the condensation process.
A probably better way to derive an S duality invariant effective theory after gaugino condensation, may be to assume a noninvariant f (S) [29] , after all that is precisely what happens in T duality for which f (T ) ∼ log η(T ). If for instance we take,
nonperturbatively (here C is the Casimir of the corresponding gauge group, see discussion below equation (5)), we can see that it has the right limit for large S (ie f → S) and induces a gaugino condensation superpotential W (S) ∼ η(S) −2 (j(S) − 744) (12−C)/12C which has the right transformation properties under S duality and reduces to the gaugino condensation superpotential in the large S limit. The noninvariance of f (S) may probably be related with S-duality anomalies [29] as it happened in the T duality case. A problem with this approach is that if we are considering nonperturbative corrections to the f function, we should also include those corrections for W and K. This may diminish the importance of the gaugino condensation-induced superpotential above, because it would be just an extra contribution to the original nonperturbative superpotential which we do not know.
There may still be situations, as argued in [30] , for which gaugino condensation superpotentials could nevertheless be dominant.
Two Steps Scenario
In the two steps scenario, after we have fixed the vev of the moduli by stringy effects, it remains the question of how supersymmetry is broken at low energies. Notice that we would be left with the situation present before the advent of string theory in which the gauge coupling is field independent. In that case we know from Witten's index that gaugino condensation cannot break global supersymmetry. Since there are no 'moduli' fields with large vev's, the supergravity correction should be negligible because we are working at energies much smaller than M P lanck .
In fact we can perform a calculation by setting S to a constant in eq. (12), it is straightforward to show that supersymmetry is still unbroken in that case [23] , as expected. A more general way to see this is computing explicitly the 1/M P lanck correction to a global supersymmetric solution W φ = 0, and see that it coincides with the solution of W φ +W K φ /M 2 p = 0 which is always a supersymmetric extremum of the supergravity scalar potential.
As mentioned in section 2, there seems to be however a counterexample in the literature. In ref. [4] a modification of the Kähler potential (12) was considered:
with the same superpotential. For a = −9b supersymmetry was found to be broken with vanishing cosmological constant. But also for this choice of parameters the global limit is such that K U U * vanishes, and so the kinetic energy for U. This makes the corresponding minimum in the global case ill defined, since there may be other nonconstant field configurations with vanishing energy. This is then not a counterexample, because the global theory is not well defined in the minimum. In any case, in our general analysis, there are no such extra corrections to the Kähler potential for U.
We are then left with a situation that if global supersymmetry is unbroken, we cannot break local supersymmetry, unless there are moduli like fields. This can bring us further back to the past and reconsider models with dynamical breaking of global supersymmetry (for a recent discussion with new insights see [31] ).
6 Conclusions (i) Gaugino condensation provides a simple example of how supersymmetry can be broken dynamically with partial succes. Some of the problems may be solved after having better control of the supergravity lagrangian. In particular, in the single hidden sector group case we have seen that the gauginos do not condense, but this situation may be changed after perturbative and nonperturbative corrections to the Kähler potential are considered [30] . The cosmological problems may be more generic, however.
(ii) The gaugino condensation process is also an interesting laboratory to test nonperturbative properties of string and field theories. In particular duality symmetries survive this simple, but nontrivial, nonperturbative test.
(iii) The different approaches to describe the effective theory underlying the condensation process correspond simply to the use of the Wilson or 2PI effective actions, therefore there is a well defined relation among them. Even though the Wilson action is usually simpler to work with, the 2PI action is more suitable to follow the condensation process, it also is the only one that could be used to describe the condensation of gauginos in the 'linear formalism'. The
Wilson action cannot be used without previously identifying the low energy degrees of freedom. We needed the 2PI action to find out that the axion degree of freedom is represented by a massive H µνρ tensor.
(iv) The linear and chiral descriptions are equivalent, even in the absence of PQ symmetries. Which formulation is more convenient depends on the situation.
In the linear description, the stringy B µν field is replaced by the massive H µνρ field. We believe, this will also be the case in more general nonperturbative effects. We may conjecture that this result could be related with the claims that 'stringy' nonperturbative effects are not well described by strings but better by membranes, which couple naturally to H µνρ or five-branes, which provide the 10D origin of the field S. A (massless) field H µνρ also appears naturally in 11D supergravity.
(v) There is not a compelling scenario for supersymmetry breaking and the field remains open, but we have a much better perspective on the relevant issues now.
The nonrenormalizable hidden sector models of which the gaugino condensation is a particular case, may need a convincing solution of the cosmological moduli problem to still be considered viable. Hopefully, this will lead to interesting feedback between cosmology and string theory [32] . Furthermore, the recent progress in understanding supersymmetric gauge theories can be of much use for reconsidering gaugino condensation with hidden matter, the discussion in the string literature is far from complete. The understanding of models with chiral matter could also provide new insights to global supersymmetry breaking, relevant to the two steps scenario mentioned above. In any case the techniques found to be useful in the simplest gaugino condensation approach discussed here, will certainly help in understanding those more complicated models.
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